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論    文    の    要    旨 
Mass measurements of unstable nuclei, providing direct measure of the nuclear binding energy, are 
invaluable for nuclear structure and nuclear astrophysics. For highly neutron-rich nuclei from Co to Xe, 
of importance for understanding both the astrophysical r-process and evolution of shell structure, and 
for trans-Uranium nuclei, of importance for understanding the limit of nuclear existence, the shell effect 
against the strong coulomb force and the unique identification during new elements search, the mass 
measurements require fast measurement time, small dependence between mass and the measurement 
time and high efficiency, due to their typically short life-times (T1/2 < 100 ms), heavier masses and low 
production yields. So far, high-precision mass measurements, typically defined as the order of δm/m = 
10−6 or less, have been performed with various techniques. Indirect mass measurements using nuclear 
reactions or decays, however, may not be so accurate. On the other hand, direct mass measurements 
using storage rings, in-flight spectrometers or Penning traps are providing high-precision masses with 
high accuracy. It has been sufficient for stable, relatively long-lived and high-yield nuclei, but getting 
shorter life-times and lower yields, the mass precisions achieved become poorer in general or even the 
measurements are impossible. Therefore, for a lot of important nuclei mentioned above there is no 
choice but to depend on theoretical mass predictions. For such nuclei, a multi-reflection time-of-flight 
mass spectrograph (MRTOF) has been developed. By using a pair of electrostatic mirrors which create 
an energy isochronous condition, the flight path for a pulse of ions, e.g., from an ion trap, could be 
extended indefinitely and it’s possible to achieve reasonably large resolving powers faster than could be 
achieved by other techniques, i.e., achieve higher resolving powers for sufficiently short-lived nuclei. In 
1990 the idea of a MRTOF system was first proposed by H. Wollnik et al. About 10 years ago the first 
offline experiments were performed by Y. Ishida et al. in our group. Based on such efforts, the current 
MRTOF setup was designed with 28 online experiments in mind. In online experiments, as the 
radioactive nuclei are produced at high energies, they must be thermalized in a helium-filled gas cell to 
convert them to a low-energy ion beam amenable to such mass measurements. An already existent gas 
cell, designed by M. Wada et al., for use in ion trap laser spectroscopy of Be isotopes was used to 
thermalize 8Li ions as an initial online test of the MRTOF. The low-energy ion beam from the gas cell is 
provided as continuous beam, while pulsed ion beam is essential for time-of-flight measurements with 
the MRTOF. For this purpose, a preparation trap system which consists of the flat trap and taper trap 
was developed. The trap system requires reasonably high efficiency, making sufficiently small emittance 
and short cooling time. The sufficiently small emittance which was confirmed by no intensity drop during 
reflections in the MRTOF and the short cooling time of 2 ms were achieved only with the flat tarp, while 
the sufficiently high efficiencies of ≈5.1% for 7Li+ and ≈27% for Na+ were achieved with the taper trap as 
an auxiliary trap. In addition, the dual-trap scheme allowed an operational duty cycle of ≈100%. In ToF 
measurement, reference ions are necessary to deduce the mass from the ToF. Basically, highly-accurate 
mass measurements can be performed using isobaric reference ions which have the same number of laps 
as the ion of interest. To provide such ions, an electrospray ionization (ESI) ion source combined with 
an rf-carpet was developed. By using the ESI, isobaric molecular ions could be provided over a wide 
variety of mass numbers and the system can be connected efficiently between the atmosphere and the 
vacuum with small gas-flow conductance by rf-carpet. The ESI ion source can be a powerful reference 
source, especially for mass measurements of trans-Uranium nuclei which have no stable elements. By 
combining with the MRTOF, molecular ions up to 245 u were identified and most of them have isobaric 
molecules. Conventionally, it is considered that at least two known reference ions are necessary to 
deduce the mass of unknown species, due to the existence of unknown ToF offset. In online experiments, 
however, by measuring the ToF offset directly from the trap ejection noise, the masses were deduced by 
the single-reference method. Actually, the masses of 8Li and stable species of 7Li and 9Be were deduced 
using only 12C as a reference. Taking into account the ToF drift due to the voltage fluctuations and the 
titanium expansion, the weighted average deviations of 8Li from the literature value was found to be ∆m 
= −0.04(267)(341) keV, corresponding to a δm/mstat = 3.6×10−7. The obtained mass precision is 
competitive with Penning traps and better than storage rings and in-flight spectrometers, and scaling to 
heavier mass, the MRTOF could achieve similar mass precision with an order of magnitude less 
measurement time. The achieved measurement time on the order of 10 ms can cover a large fraction of 
nuclei related to r-process, pronounced nuclear shell effect and trans-Uranium elements. Based on 
these developments and the success of online experiments, two MRTOF projects are now ongoing at 
RIKEN: mass measurements of trans-Uranium nuclei and of r-process nuclei. We hope that with mass 
measurements with the MRTOF over the wide region from light to super-heavy, one can drastically 
extend the mass information, and understand nuclear structures and astrophysical process in detail. 
 
審    査    の    要    旨 
〔批評〕 
原子核の質量は、核構造のみならず宇宙元素合成の理解の上で重要である。特に、重い中性子過剰不
安定核の質量は、鉄以上の重い元素を合成する r プロセス(r-process)パスの解明の上でも重要である。
現在、不安定核の質量測定には、主に、低エネルギーの不安定核ビーム(RI ビーム)を利用するイオントラ
ップによる測定と、高エネルギーRI ビームを利用する蓄積リングにおける測定がある。本研究は、低エネ
ルギーRI ビームにおける新しい質量測定法の開発に関するものである。伊藤氏は、ドイツの Wollnik 氏が
提案した多重反射型飛行時間質量分析器（multi-reflection time-of-flight mass spectrograph）に注目し、
この質量分析器の開発とこれによる不安定核の質量測定に取り組んだ。この質量分析器は、従来のイオ
ントラップに比べて短時間で質量測定できるのが特徴である。伊藤氏が開発に取り組んだ当初、この質量
分析器を不安定核の質量測定に適用した例はなかった。伊藤氏は、この質量分析器を、理研の和田氏
らが開発したガスセルに接続することを考え、そのための郵送系の改良等を行った。これにより、ガスセル
から質量分析器までの輸送効率が飛躍的に大きくなり、不安定核への適用が可能となった。不安定核 8Li
ビームを利用した最初の質量測定実験を遂行し、既存の質量と誤差の範囲で一致する結果を得た。質
量測定には、リファレンスが必要であるが、伊藤氏は、リファレンス測定にも工夫を凝らし、系統誤差が小
さくなる工夫を行った。以上の研究成果は、以下の５編の論文に投稿され、査読付き論文として出版され
た（一編は出版中）。 
１、Y. Ito et al., Physical Review C 88, 011306(R) (2013).  
２、Y．Ito et al., Nuclear Instruments and Methods in Physics Research B 317, 544 (2013).  
３、S. Naimi et al., International Journal of Mass Spectrometry 337, 24 (2012).  
４、P. Schury et al., International Journal of Mass Spectrometry (in press). 
５、P. Schury et al., Nuclear Instruments and Methods in Physics Research B 317, 537 (2013). 
投稿した雑誌は、いずれも原子核実験分野では著名な雑誌である。このうち、１、２の論文は、伊藤氏が
筆頭著者としてまとめられたものである。特に１の論文が不安定核 8Li の質量測定に関するものである。本
研究は、多重反射型飛行時間質量分析器を初めて、不安定核の質量測定に適用した研究であり、その
適用能力の高さを示すことができた。今後、多重反射型飛行時間質量分析器が不安定核の質量測定に
広く使われることが期待される。実際、同種の多重反射型飛行時間質量分析器がスイス CERN の
ISOLDE およびドイツ GSI で稼働を始め、不安定核の質量測定に適用されつつある。 
〔結論〕 
 平成２６年２月２０日、数理物質科学研究科学位論文審査委員会において、審査委員全員の出席のも
と、本論文について著者に説明を求め、関連事項につき質疑応答を行った。その結果、審査委員全員に
よって合格と判定された。 
 よって、著者は博士（ 理学 ）の学位を受けるのに十分な資格を有するものと認める。 
 
